Stilbenes are phytochemicals present in grapes, berries, peanuts and red wine. A widely studied stilbene, resveratrol (trans-3,5,4#-trihydroxystilbene), has been shown to exert antioxidant, antiinflammatory, chemopreventive and antiaging effects in a number of biological systems. We reported earlier that pterostilbene (trans-3,5-dimethoxy-4#-hydroxystilbene), a structurally related stilbene found in blueberries, was effective in reducing the incidence and multiplicity of aberrant crypt foci formation in the colon of rats injected with azoxymethane (AOM). Our present study was to identify the chemopreventive potential of pterostilbene with colonic tumor formation as an end point and further to evaluate the mechanistic action of pterostilbene during colon carcinogenesis. F344 rats were given two AOM injections subcutaneously when they were 7 and 8 weeks old and continuously fed the control or 40 p.p.m. pterostilbene diet for 45 weeks. Overall analyses indicated that pterostilbene reduced colon tumor multiplicity of non-invasive adenocarcinomas, lowered proliferating cell nuclear antigen and downregulated the expression of b-catenin and cyclin D1. Pterostilbene decreased mucosal levels of the proinflammatory cytokines, tumor necrosis factor-a, interleukin (IL)-1b and IL-4. Colon tumors from pterostilbene-fed animals showed reduced expression of inflammatory markers as well as nuclear staining for phospho-p65, a key molecule in the nuclear factor-kappaB pathway. In HT-29 cells, pterostilbene reduced the protein levels of b-catenin, cyclin D1 and c-MYC, altered the cellular localization of b-catenin and inhibited the phosphorylation of p65. Our data with pterostilbene in suppressing colon tumorigenesis, cell proliferation as well as key inflammatory markers in vivo and in vitro suggest the potential use of pterostilbene for colon cancer prevention.
Introduction
Colorectal cancer is a significant global health concern and is the third leading cause of death from cancer among both men and women worldwide (World Health Organization statistics, 2009). It is predicted to be responsible for the death of almost 50 000 people each year in the USA alone (1) . There has been increasing awareness and focus on the prevention of cancer over the past few decades since it is now known that 90-95% of the cause is attributable to lifestyle and diet, whereas the other smaller portion is due to genetic factors (2, 3) . Data collected from numerous epidemiological, preclinical and clinical studies reveal that several bioactive components in fruits and vegetables can reduce both colonic inflammation and colon cancer risk (4) (5) (6) .
Stilbenes are phytochemicals present in grapes, berries, peanuts and red wine (7) . Resveratrol (trans-3,5,4#-trihydroxystilbene), a widely studied stilbene, exhibits antioxidant, anti-inflammatory and antiaging action and displays chemopreventive effects in a number of biological systems (8) (9) (10) (11) . Resveratrol has been shown to reduce formation of preneoplastic lesions [aberrant crypt foci (ACF)] in rats (12) , to decrease the incidence and size of tumors in the 1,2-dimethylhydrazine-induced model of colon cancer in rats (13) and to prevent the formation of colon and small intestinal tumors in APC Min/þ mice when administered in the drinking water (14) .
Recently, pterostilbene (trans-3,5-dimethoxy-4#-hydroxystilbene; Figure 1A ), a structurally similar compound to resveratrol, has been shown to exhibit significant effects against cell proliferation (15, 16) , inflammation (17, 18) , invasion and metastasis (19) and to reverse the effects of aging in rats (20) . The presence of chronic inflammatory conditions in the colonic environment has been implicated in the development of colorectal cancer, and treatment regimens against inflammatory markers, such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), have reduced the risk of colon cancer (21) (22) (23) . In a previous study, we demonstrated that pterostilbene lowered the expression of iNOS and COX-2, and downregulated the messenger RNA levels of proinflammatory cytokines, such as tumor necrosis factor-a (TNF-a), interleukin (IL)-1b and IL-6 in HT-29 colon cancer cells (18) .
In studies with HT-29 colon cancer cells, a marked reduction in cyclin D1 levels by pterostilbene was observed (18) . Cyclin D1 is overexpressed in patients with adenomatous polyps, primary colorectal adenocarcinoma (AC) and familial adenomatous polyposis (24, 25) . Cyclin D1 is a target gene of the Wnt signaling pathway (26) , and mutations in this pathway are responsible for $90% of colorectal cancer (27) . Mutations in genes belonging to the Wnt pathway, such as inactivating mutations in the adenomatous polyposis coli (APC) gene or activating mutations in b-catenin, result in the nuclear accumulation of b-catenin and subsequent complex formation with T-cell transcription factor/lymphoid enhancing factor transcription factors to activate gene transcription (28) . T-cell transcription factor/lymphoid enhancing factor-binding sites on promoters of cell proliferation genes, such as cyclin D1 and c-MYC (26, 29) , thus serve to transmit the aberrant mutations into tumorigenic signals within the colonic crypts.
In our earlier study, we showed that pterostilbene was effective in reducing the incidence and multiplicity of ACF in the colon of rats injected with the carcinogen, azoxymethane (AOM) (30) . We also observed a significant reduction in the markers for colonic cell proliferation and inflammation by pterostilbene in the colon crypts (30) . In our present study, we evaluated the chemopreventive potential of the stilbene with colonic tumor formation as the endpoint and further determined the action of pterostilbene in regulating the expression of key protein markers during colon carcinogenesis. Detailed mechanism-based studies in the colon cancer cell line HT-29 provided further insights into the signaling pathways affected by pterostilbene for key markers found relevant in vivo.
Reagents and cell culture Recombinant human interferon-c and TNF-a were purchased from R&D Systems (Minneapolis, MN), lipopolysaccharide (from Escherichia coli 0111:B4 c-irradiated) was from Sigma (St. Louis, MO) and Wnt agonists, SB203580 and H-89, were from Calbiochem (San Diego, CA). Human colon carcinoma HT-29 cells were obtained from the American Type Culture Collection (Manassas, VA) and maintained in Dulbecco's modification of Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO 2 .
Western blot analysis Whole cell, cytosolic and nuclear protein fractions from cell culture experiments were collected and analyzed by western blotting, as described previously (18, 30, 31) . The primary antibodies against IjBa, p65, p-p65, cyclin D1, c-MYC and b-catenin (Santa Cruz Biotechnology, Santa Cruz, CA), p-p38, p-MSK1 (Cell signaling, Beverly, MA) and b-actin (Sigma, St Louis, MO) and secondary antibodies (Santa Cruz Biotechnology) were used. Quantification of western blots was done by ImagePro 6.2 program.
Fluorescence microscopy HT-29 cells were incubated in a chamber slide (Nunc, Rochester, NY) with or without pterostilbene and/or a Wnt agonist (Calbiochem). Cells were fixed with 4% paraformaldehyde, blocked with 10% bovine serum albumin and then incubated sequentially with primary antibody (1:100), fluorophore-conjugated secondary antibody (Alexa FluorÒ 488; Invitrogen, Carlsbad, CA) and 4#, 6-diamidino-2-phenylindole. The cells were irradiated with green laser at 488 nm for detection of b-catenin and with UV light at 364 nm for nuclear staining by 4#,6-diamidino-2-phenylindole.
Electrophoretic mobility shift assay Electrophoretic mobility shift assays were performed using the Lightshift Chemiluminescent electrophoretic mobility shift assay kit (Pierce Biotechnology, Rockford, IL) for the nuclear factor-kappaB (NF-jB) consensus oligonucleotide probe, 5#-AGTTGAGGGGACTTTCCCAGGC-3#, 5#-end-labeled with biotin (Integrated DNA Technologies, Coralville, IA). Binding reactions were made in a total volume of 20 ll by adding 20 lg of nuclear extracts to 20 fmol of probe in binding buffer (20 mM N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid (pH 8.0); 50 mM NaCl; 1 mM ethylenediaminetetraacetic acid; 5% glycerol; 0.05 lg/ll poly [dI-dC] and 0.5 mM dithiothreitol). After incubation at room temperature for 20 min, the samples were loaded into 6% native gel. Competition assay with unlabeled oligonucleotide (cold DNA) was done in parallel. This was followed by transfer of the DNA-protein complex to polyvinylidene difluoride membrane, blocking and UV cross-linking. The membrane was incubated in the substrate for the peroxidase enzyme and the shifted bands were observed by chemiluminescence.
Animals, diet and in vivo experimental procedures Weanling male F344 rats obtained from Charles River Breeding Laboratories (Kingston, NY) were randomly distributed by weight into control and experimental groups. Animals had access to food and water at all times. Food cups were replenished with fresh diet twice weekly. Experimental diets were prepared by Research Diets (New Brunswick, NJ) and stored at 4°C. Beginning at 5 weeks of age, all rats were fed the modified American Institute of Nutrition-76A (AIN-76A) diet. At 7 weeks of age, the animals were given subcutaneous injections of AOM (CAS no. 25843-45-2; Ash Stevens, Detroit, MI) at a dose rate of 15 mg/kg body weight or saline as solvent control once weekly for 2 weeks. One day after the second AOM injection, animals were maintained on AIN-76A diet or AIN-76A diet containing 40 p.p.m. (0.004%) of pterostilbene. The dose of pterostilbene was based on our previous 8 week study using ACF as an end point (30) . At autopsy, animals were killed by CO 2 asphyxiation and the colon was removed, rinsed in phosphate-buffered saline, opened longitudinally and flattened on a filter paper. The location and size of each tumor were noted. Mucosal scrapings were collected and stored at À80°C for further analysis. Tumors were removed, fixed in 10% buffered formalin for 24 h and transferred to 80% ethanol for histopathological analysis.
Histopathology and immunohistochemistry
The tumor tissues were dehydrated, embedded in paraffin and cut into 4 lm thick sections. For histopathology, the sections were hydrated and stained with hematoxylin and eosin according to the standard protocol. The stained sections were analyzed for tumor grades by a pathologist, who was unaware of the treatments. For immunohistochemical analysis, only non-invasive ACs (NIAs) were selected for the evaluation of protein markers. The detailed procedures for immunohistochemical analysis were reported previously (30) . The primary antibodies against proliferating cell nuclear antigen (PCNA) (1:1500 diluted; BD Pharmingen, San Diego, CA), cyclin D1 (1:500 diluted), b-catenin (1:500 diluted), p-p65 (1:250 diluted), iNOS (1:500 diluted) (Santa Cruz Biotechnology) and COX-2 (1:200 diluted; Cayman Chemical, Ann Arbor, MI) were treated on the sections. The images were taken randomly at Â400 using Zeiss AxioCam HRc camera fitted to a Zeiss Axioskope 2 Plus microscope (Carl Zeiss USA, Thornwood, NY). Nuclear staining was observed with PCNA, whereas cyclin D1, iNOS and COX-2 showed cytoplasmic staining, and b-catenin was observed in the cytoplasm and cell membrane.
Measurement of cytokine production by enzyme-linked immunosorbent assay
Colonic mucosa samples (n 5 12 in control group, n 5 6 in pterostilbene group) were homogenized in a phosphate buffered saline-based buffer solution (phosphate-buffered saline, 0.4 M NaCl, 10 mM ethylenediaminetetraacetic acid, 0.1 mM phenylmethylsulfonyl fluoride, 0.1 M benzethonium ion, 0.5% bovine serum albumin, 3.0% Aprotinin, 0.05% Tween 20) on ice using a Tekmar Tissuemiser (Fisher Scientific International, Pittsburgh, PA). The homogenized solution was centrifuged at 10 000 r.p.m., 4°C for 10 min. The supernatant was collected for determination of protein concentration and stored at À20°C. For determination of the levels of IL-1b, IL-4 and TNF-a, tissue homogenates were normalized down to a concentration of 1.0 mg/ml of total protein and then diluted 10-fold in diluent buffer for analysis, following the manufacturer's protocols. Invitrogen Immunoassay kits (BioSource International, Carmillo, CA) were used to determine the levels of IL-1b (catalog no. KRC0012), IL-4 (catalog no. KRC0042) and TNF-a (catalog no. KRC3012). Hematoxylin and eosin staining (top panels), PCNA staining (middle panels), and PCNA counting (bottom panels) of the colon tumors. For PCNA counting, four independent sections of the colon per animal with three animals per group were stained, and $1000 cells were counted from each section in total. The PCNA labeling index (PI) was calculated as the [(number of positive cells)/(total number of epithelial cells)] Â 100 for each field. These PI values for different colon sections from the animals belonging to same group were then averaged. Statistical significance of treatment between the groups was analyzed by Student's t-test.
Ã P , 0.05.
Effects of pterostilbene on colon carcinogenesis
Tissue/serum extraction procedures and gas chromatography-mass spectrometry analysis of pterostilbene Colon tissues and serum samples were frozen and kept at À80°C until extraction. For colon tissue extraction, tissues were homogenized with sodium phosphate buffer pH 7. . The GC temperature program was: initial 190°C, increased to 240°C at 20°C/min rate, then increased to 280°C at 2.5°C /min rate, then finally increased to 300°C at the rate of 30°C/min and held at this temperature for 30 s. The carrier gas was ultrahigh purity helium, at 1 ml/min flow rate. The injection port, GC-MS interface and ionization chamber were at 250, 250 and 250°C, respectively. The volume of injection was 1 ll, splitless injection. The mass spectrum was acquired in the positive, electron impact (70 eV), low-resolution mode. Pterostilbene was determined and quantified from a reconstructed ion chromatogram using m/z 328 (and qualifying ions 313 and 280). GC-MS analyses were carried out in duplicates, and quantitation was performed from a calibration curve of a standard sample of pterostilbene (retention time, 9.3 min).
Statistical analysis
Statistical analysis was performed using the Student's t-test unless otherwise noted.
Results

Pterostilbene reduces the tumor multiplicity of colonic tumors in AOM-injected rats
The effects of dietary administration of pterostilbene on AOMinduced colon tumorigenesis were evaluated, and the results are summarized in Table I . Body weights of the animals fed with 40 p.p.m. pterostilbene throughout 45 weeks were comparable with those of the animals on the control diet. None of the rats in the saline group (without AOM injection, n 5 6) developed tumors when autopsied at week 45 (data not shown). At the termination of the study, the AOM control rats and AOM-pterostilbene-treated rats had tumor incidence of 87.5 and 67.8%, respectively. Histopathological analysis by hematoxylin and eosin staining revealed that $95% of the tumors from the control group were AC, and the remaining 5% were carcinoma in situ. All tumors from the pterostilbene group were identified as ACs. In both the control and pterostilbene-treated groups, $90% of the total ACs belonged to the NIA grade, whereas the remaining 10% was invasive AC (Table I) . Pterostilbene treatment reduced the number of NIA by 40.2% (P 5 0.04). Also, the mean number of invasive AC was decreased in pterostilbene group but there were not enough tumors per animals to achieve statistical significance. Since there was no report on serum or tissue levels of pterostilbene from long-term studies, we analyzed levels of pterostilbene in the serum and colon mucosa in this study. As shown in Table I , there was no detectable level of pterostilbene in the control group, whereas serum and colon mucosa levels in the pterostilbene-treated group were 48.0 ± 6.9 (ng/ml) and 10.9 ± 3.8 (ng/g), respectively.
Pterostilbene decreases a cell proliferation marker, PCNA, in the colon ACs As shown in Figure 1B , the histological evaluation revealed that the majority of tumors were NIAs. The expression of PCNA, a marker for cell proliferation, was further determined in the NIAs from the control and pterostilbene groups. The colon tumors from the pterostilbene-fed group showed significant reduction of PCNA nuclear staining compared with the control group. PCNA-positive nuclei in the colon tumors were 71% of the cells in the control group and 38% of the cells in the pterostilbene-treated group (P 5 0.02) ( Figure 1B) .
Pterostilbene downregulates the expression of b-catenin and cyclin D1 in the colon ACs Aberrant expression of b-catenin can be regarded as a key event during colorectal tumorigenesis and is linked to the increased transcription of a number of genes, such as cyclin D1 (24, 32) . b-Catenin was identified along the membrane of the epithelial cells in the control group ( Figure 2 ). The colonic crypt cells in the control group showed homogeneous and intense staining for b-catenin in the cytosol as well as in the membrane, with lower and scattered staining in the nucleus. In contrast, the tumors from the pterostilbene group had no observable nuclear staining (Figure 2 ). The cytoplasmic expression of b-catenin was also markedly inhibited by the treatment with pterostilbene ( Figure 2 ). Since cyclin D1 is a downstream signaling target of b-catenin, and overexpression of cyclin D1 is reported in patients with colorectal tumors where its lowering has therapeutic significance (24,32), we determined whether pterostilbene reduced cyclin D1 levels in colon tumors. Positive brownish staining of cyclin D1 in the control group or pterostilbene-fed group was predominantly localized in the cytoplasm. The colon tumors from the control group showed stronger staining for cyclin D1 than those from the pterostilbene group ( Figure 2) .
Pterostilbene reduces the expression of inflammatory enzymes, iNOS and COX-2, and decreases nuclear staining of phospho-p65 in colon ACs Overexpression of inflammatory markers is a hallmark of colorectal tumors. This knowledge, as well as our previous observations on the efficacy of pterostilbene against inflammation (18, 30) , led us to examine the effects of long-term feeding of pterostilbene on the inflammatory markers in the AOM-injected rats. As shown in Figure 2 , there was significant inhibition of the expression of iNOS and COX-2 proteins within the crypts in the ACs from the pterostilbene group, compared with those from the control group. We next determined the effects of pterostilbene on a key NF-jB signaling molecule, p65, because NF-jB is an upstream factor of both iNOS and COX-2 transcription, and it is critical during tumorigenesis where ablation of the proteins in this pathway causes regression of tumors in animal models (33) . The activated form of NF-jB subunit p65, i.e. phospho-p65, was markedly reduced in the nucleus of the colon tumors from the pterostilbene group, when compared with those from the control group (Figure 2 ).
Pterostilbene inhibits mucosal levels of the inflammatory cytokines TNF-a, IL-1b and IL-4 Inflammatory cytokines are found to be present in human cancers, including those of the colorectum, breast, prostate and bladder (34, 35) . The action of cytokines to facilitate carcinogenesis is multifold: DNA damage by reactive oxygen species and reactive nitrogen species, inhibition of DNA repair by reactive oxygen species, functional inactivation of tumor suppressor genes, tissue remodeling via activation of matrix metalloproteinases (MMPs), stimulation of angiogenesis and control of cell adhesion molecules (35) . Results of enzyme-linked immunosorbent assay conducted for inflammatory cytokines on mucosal scrapings derived from the AOM-injected rats are shown in Figure 3 . Dietary administration of pterostilbene significantly lowered the levels of cytokines, TNF-a by 51.0% (P 5 0.009), IL-1b by 47.7% (P 5 0.008) and IL-4 by 64.2% (P 5 0.002).
Pterostilbene reduces the protein levels of b-catenin, cyclin D1 and c-MYC and alters the cellular localization of b-catenin in HT-29 colon cancer cells To investigate the effects of pterostilbene on b-catenin expression in colon cancer, we employed the HT-29 colon cancer cells, which are known to possess the wild-type b-catenin and truncated Apc gene (36) . As shown in Figure 4A , we observed lowering of the protein levels of b-catenin after 30 min of treatment with pterostilbene. Cyclin D1 and c-MYC proteins, two well-known downstream targets of b-catenin, were decreased by pterostilbene at a later time point, 4 h ( Figure 4A ). In confocal microscopy, the untreated cells showed intense staining for b-catenin predominantly in the cytoplasm and the membrane, and the treatment with pterostilbene markedly lowered the levels of b-catenin ( Figure 4B ). The b-catenin transcriptional activity is known to be regulated not only through the levels of protein degradation but also through its nuclear localization (37) . In order to better understand the inhibitory effects of pterostilbene on the b-catenin pathway, we used a Wnt agonist that mimics the effect of Wnt in inducing b-catenin/T-cell transcription factor-dependent transcriptional activity. The Wnt agonist increased the expression of cyclin D1, c-MYC and b-catenin proteins, whereas cotreatment of the Wnt agonist with pterostilbene lowered the expression level of these proteins in the nucleus ( Figure 4C ). In confocal microscopy, treatment with the Wnt agonist increased b-catenin predominantly, and the cotreatment of Wnt agonist with pterostilbene lowered Wnt agonistinduced b-catenin in the membrane and nucleus ( Figure 4D ).
Pterostilbene regulates the NF-jB pathway by inhibiting the phosphorylation of p65 in HT-29 colon cancer cells The NF-jB pathway is often recognized as a critical link between inflammatory processes and cancer development (38) . HT-29 cells, when treated with a cytokine mixture comprising 10 ng/ml each of TNF-a, interferon-c and lipopolysaccharide, activated the NF-jB signaling, as shown by the increased degradation of IjBa in the cytoplasm and increased p65 in the nucleus ( Figure 5A ). As depicted in Figure 5A , pterostilbene neither blocked the degradation of IjBa nor affected the accumulation of p65 in the nucleus caused by the treatment with cytokines. However, phosphorylated p65 (Ser 276) levels were markedly downregulated by pterostilbene in the nucleus ( Figure 5A ). Analysis of nuclear protein fractions by Fig. 3 . Pterostilbene lowers the production of the inflammatory cytokines, TNF-a (A), IL-1b (B) and IL-4 (C), in the colonic mucosa. The mucosa samples were homogenized and assayed by enzyme-linked immunosorbent assay for the different cytokines, as described under Materials and Methods section. Colon mucosa samples were randomly selected from each group and cytokine levels were analyzed (n 5 12 in control group, n 5 6 in pterostilbene group). The mean ± SD values are shown. ÃÃ P , 0.01, ÃÃÃ P , 0.005. Fig. 2 . Pterostilbene inhibits the expression of b-catenin, cyclin D1, COX-2, iNOS and phospho-p65 protein in the colon tumors. The colon tumor sections were processed and incubated with the respective primary antibodies as described in the Materials and Methods. b-Catenin and cyclin D1 staining was high in the cytosol and also present in the nucleus to a lower extent. iNOS and COX-2 showed cytoplasmic staining, whereas nuclear staining was predominant with phosphop65. n 5 3 per group for each analysis. A representative section is shown. Image magnification, Â400.
Effects of pterostilbene on colon carcinogenesis electrophoretic mobility shift assay revealed that pterostilbene lowered the NF-jB-binding activity ( Figure 5B ). The effects of pterostilbene on phospho-p65 levels as well as NF-jB-binding activity were pronounced at 1 h time point ( Figure 5A and B). In our previous report, we identified p38 mitogen-activated protein kinase as a major target regulated by pterostilbene in HT-29 colon cancer cells (18) . It is known that p38 is responsible for the phosphorylation of MSK-1 (39) and that this activated MSK-1 phosphorylates p65 at serine 276 (40) . Therefore, we determined the effect of pterostilbene on p38/MSK-1/ p65 signaling. When HT-29 cells were treated with cytokine mixture (TNF-a, interferon-c and lipopolysaccharide) together with pterostilbene, an MSK-1 inhibitor (H-89) or a p38 mitogen-activated protein kinase inhibitor (SB203580), the reduction of phospho-p65 was shown by pterostilbene as well as by both MSK-1 and p38 mitogenactivated protein kinase inhibitors. Further, pterostilbene decreased the level of phospho-MSK-1 protein, suggesting the role of MSK-1 in mediating the action of pterostilbene to lower the phosphorylation of p65 ( Figure 5C ).
Discussion
The present study is an extension of our previous work, which identified pterostilbene as an effective agent in suppressing the formation of ACF in the colons of rats injected with the colon-specific carcinogen, AOM (30) . The results from the current research conducted in the same animal model of colon cancer, but with tumors as an end point, revealed that dietary administration of pterostilbene reduced the colon tumor multiplicity and regulated intermediate signaling pathways of proliferation and inflammation in the colon.
A comparison of tumor numbers across the different grades of tumor showed an overall reduction by the treatment with pterostilbene, although statistical difference was shown only with tumor multiplicity with NIA (40.2% reduction). The moderate reduction of tumor multiplicity and tumor incidence may be due to a low dose of pterostilbene used. In our study, pterostilbene was given at 40 p.p.m. (0.004% in the diet), and $40-50 ng/ml range of pterostilbene was detected in the serum from the animals. This number is low when considering that many of the reported studies on tumorigenesis with stilbenes have used much higher doses. Using colon adenoma as an end point, a study conducted by Sale et al. (41) indicated that resveratrol and its analogue DMU212 (3,4,5,4#-tetramethoxystilbene) given as 0.2% in the diet significantly decreased the number of adenomas, whereas 0.05% of either stilbenes given in the diet did not . Since pterostilbene at 0.004% dose showed reduction in tumor multiplicity, pterostilbene may be more effective than resveratrol in the inhibition of colon cancer, although dose-response studies are needed to fully understand and design effective chemoprevention strategies with stilbenes.
AOM-induced tumors result from mutations in the Wnt/b-catenin pathway (42) as does the APC Min/þ model. However, unlike the APC Min/þ model, AOM-induced tumors are caused by mutations in the b-catenin gene (43, 44) . These mutations result in b-catenin stabilization and aberrant expression of b-catenin, which is considered as a key event during colon tumorigenesis (45) . Immunohistochemical analysis revealed abundance of b-catenin mostly in the cytoplasm and relatively low nuclear staining in the ACs of rats injected with AOM, whereas administration of pterostilbene markedly reduced the staining for b-catenin in both the cytoplasm and the nucleus (Figure 2 ). In addition, pterostilbene was effective in reducing the abundance of b-catenin in the cytosol and to some extent in the nucleus of HT-29 cells (Figure 4) . Cyclin D1 is a very well-known cell cycle protein targeted by b-catenin (26) and is known to be overexpressed in colonic tumors (24, 25) . c-MYC is yet another important protein for cell proliferation regulated by b-catenin and Wnt pathway (29) . These observations on cyclin D1 and c-MYC were corroborated by the potency of pterostilbene to affect the b-catenin levels in the colon tumors and in HT-29 cells. In the tumor studies, pterostilbene lowered the level of cyclin D1 protein in the colon tumor tissues induced with AOM ( Figure 2) . In cultured colon cancer cells, pterostilbene markedly lowered the protein levels of cyclin D1 and c-MYC in cells both unstimulated ( Figure 4A ) and stimulated with a Wnt agonist ( Figure 4C ). More importantly, nuclear levels of b-catenin and cyclin D1 are reported to play more important role in tumorigenesis than the total protein levels (37, 46) . In our studies, pterostilbene reduced the Wnt agonist-induced levels of cyclin D1 and b-catenin in the nucleus ( Figure 4C ).
In addition to the effects on b-catenin and cell proliferation, our results indicate the anti-inflammatory property of pterostilbene. We observed marked reduction in the staining intensities for iNOS, COX-2 and phospho-p65 in the colon tumors from the rats fed pterostilbene diet (Figure 2 ). Mucosal levels of inflammatory cytokines, such as TNF-a, IL-1b and IL-4, were also significantly downregulated by pterostilbene (Figure 3) . In HT-29 cells, the phosphorylation of p65 subunit of NF-jB was downregulated by pterostilbene (Figures 2 and  5) , possibly leading to lower binding potential of NF-jB (47, 48) . This may eventually affect the transcription of a number of target genes predominantly involved in inflammatory cell responses. Several antiinflammatory agents that target the nitric oxide or the prostaglandin pathway are reported to present chemopreventive action in the colon (3, 23, 49) . A clinical trial on celecoxib, the selective COX-2 inhibitor, at a dose of 400 mg once daily, reduced advanced adenoma formation in the colon by almost 50% compared with the placebo through a 3 year treatment period (50) . Promising results with other agents such as the use of low concentrations of difluromethylornithine and sulindac as chemopreventive agents in colorectal cancer highlight the potential role of inflammation in its pathogenesis and the importance of combination strategies (49) . Since pterostilbene at a low dose in the diet (0.004%) was shown to decrease the inflammatory markers, the development of this natural compound against colorectal cancer may be promising.
In conclusion, pterostilbene inhibits colon tumorigenesis by regulating the Wnt/b-catenin-signaling pathway and the inflammatory responses. Pterostilbene alone or in combination with other known chemopreventive agents can be of great importance for colon cancer prevention. Overall, the data indicate that pterostilbene, an active constituent in blueberries, holds great promise in the field of chemoprevention by dietary agents. 
